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REVIEW
Abstract: Atherosclerosis is a chronic inflammatory disease characterized by infiltration of
blood vessels by lipids and leukocytes. There is a growing body of evidence that among risk
factors that promote atherosclerosis, the metabolic syndrome is a powerful and prevalent
predictor of cardiovascular events. The systemic inflammatory process associated with the
metabolic syndrome has numerous deleterious effects that promote plaque activation, which
is responsible for clinical events. Interactions between the innate immune system with lipid-
derived products seem to play a major role in the pathophysiology of atherosclerosis in relation
with the metabolic syndrome. The multiple links among adipose tissue, the vascular wall, and
the immune system are the topics of this review, which examines the roles of oxidized low-
density lipoprotein, inflammatory cytokines, and adipokines in triggering and perpetuating a
danger signal response that promotes the development of atherosclerosis. Furthermore,
therapeutic options that specifically target the metabolic syndrome components are reviewed
in light of recent developments.
Keywords: atherosclerosis, inflammation, metabolic syndrome, innate immune system, danger
signal theory
Introduction
Atherosclerosis is a chronic disease that develops over a lifetime, with clinical
manifestations that occur after decades of silent progression. Despite recent progress
in the treatment of cardiovascular disease associated with a significant reduction of
death rates from 1990 to 2000, atherosclerotic disease is still the leading cause of
mortality in developed countries (AHA 2006). Furthermore, atherosclerosis-related
diseases represent an enormous socio-economic burden increasing healthcare
expenditures and are an important source of human suffering (Hoffman et al 1996).
Lifestyle modifications such as poor dietary patterns and physical inactivity are recent
events in the human evolution and are responsible for the development of obesity,
which has reached an epidemic proportion in North America. It is estimated that
overweight individuals (as defined by a body mass index [BMI] of >25 kg/m
2)
represent ~60% of the adult US population (Troiano and Flegal 1999). Obesity, is an
important risk factor for cardiovascular disorders, it is often associated with
hypertension and it increases the risk of metabolic perturbations including insulin
resistance, hypertriglyceridemia, and low plasma high-density lipoprotein cholesterol
(HDL-C) concentrations. In the 1980s, Reaven (1988) proposed that patients with
these metabolic abnormalities had a plurimetabolic syndrome which he, at the time,
described as syndrome X commonly referred to as the metabolic syndrome.
Although the concept of metabolic syndrome was accepted for years, it is only
recently that an attempt to develop a recognized definition was established by different
organizations (Table 1) (Alberti and Zimmet 1998; NCEP–ATP 2001). Although
obesity is often found among individuals with the metabolic syndrome, it appears
that a substantial amount of patients with a BMI less than 30 kg/m² have metabolic
Metabolic syndrome: the danger signal in
atherosclerosis
Patrick Mathieu1
Philippe Pibarot2
Jean-Pierre Després3
1Department of Surgery, Centre de
Recherche de l’Hôpital Laval/Institut
de Cardiologie de Québec, Québec,
Canada; 2Department of Medicine,
Centre de Recherche de l’Hôpital
Laval/Institut de Cardiologie de
Québec, Québec, Canada;
3Department of Social and Preventive
Medicine, Centre de Recherche de
l’Hôpital Laval/Institut de Cardiologie
de Québec, Québec, Canada
Correspondence: Patrick Mathieu
Hôpital Laval, 2725 Chemin Ste-Foy,
Sainte-Foy, Québec, Canada, G1V-4G5
Tel +1 418 656 4717
Fax +1 418-656-4707
Email patrick.mathieu@chg.ulaval.caVascular Health and Risk Management 2006:2(3) 286
Mathieu et al
abnormalities. Among those individuals that are not
clinically obese, a high accumulation of visceral adipose
tissue appears to predict the features of the metabolic
syndrome (St-Pierre et al 2005).
Prospective observational studies have clearly
established that classical risk factors such as age, diabetes,
hypertension, smoking and high plasma low-density
lipoprotein cholesterol (LDL-C) concentrations predicted
coronary events (Wilson et al 1998). However, a substantial
proportion of patients with coronary heart disease (CHD)
do not have high level of LDL-C, suggesting that other
factors beyond traditional risk factors influence evolution
of atherosclerotic disease (Genest et al 1992; Despres et al
2000). In the prospective Québec Cardiovascular Study, men
with features of the metabolic syndrome had a 20-fold
increase in their risk of CHD compared with men without
such abnormalities, suggesting that these metabolic
perturbations could act synergistically with classical risk
factors (Lamarche et al 1998). It is now well documented
that metabolic syndrome is also characterized by an
elevation of inflammatory markers that can predict
cardiovascular events such as the risk of myocardial
infarction, stroke, and peripheral arterial disease (Ridker et
al 2002). There is evidence that the expanded visceral
adipose depot is a source of cytokines and adipokines that
influence interactions between the immune system and the
vascular wall (Despres 2003). Indeed, atherosclerosis is an
inflammatory disease characterized by vascular wall
infiltration by macrophages and T cells associated with lipid
infiltration (Hansson 2005). Implication of the immune
system in atherosclerosis is still incompletely understood,
but recent works have highlighted the role of the innate
immune system in generating a response in the presence of
tissue aggression, which would subsequently lead to the
activation of inflammatory pathways (Matzinger 2002).
Therefore, the metabolic perturbations that mediate
important and complex interactions with the immune system
and the vascular wall in relation with atherosclerosis are
reviewed with an emphasis on the mechanisms that mediate
immune activation.
The danger model of immunity and
atherosclerosis
The immune system evolved to ensure a protection
against ‘non-self’, allowing a defense line against the
infectious threat. For years it was taught that the immune
system functions as sensor that allows recognition of
‘self’ from ‘non-self’, and to mount a specific response
against ‘non-self’ by the use of adaptive immune
responses. However, this immunological paradigm has
been challenged in the 1990s with the danger model of
immunity in which the immune system responds to
damaged cells rather than to foreign (Gallucci and
Matzinger 2001). This model of immunity has allowed
the expansion of the scope of immunological implication
in diseases with an inflammatory component that might
be detrimental to the host. The discovery at the end of
the 20th century of the Toll-like receptors (TLRs) in
mammalian innate immune cells such as macrophages
and dendritic cells has reinforced the view that innate
immune system plays a key role in inflammatory response
(Medzhitov et al 1997). Furthermore, the discovery that,
beside bacterial products, endogenous substances such
as oxidized LDL (ox-LDL) and heat shock proteins
(HSPs) mediate activation of TLRs has reinforced the
view that innate immune system play a key role in the
genesis of atherosclerosis (Michelsen et al 2004).
Therefore, immune cells are the gate keepers that detect
Table 1 The proposed criteria for the metabolic syndrome by the National Cholesterol Education Program–Adult Treatment Panel
III (NCEP–ATP III) and by the World Health Organization (WHO)
NCEP ATP III WHO
3 or more of the following
Visceral adiposity Diabetes or insulin resistance
Waist circumference: male >102 cm (hyperinsulinaemic, euglycemic clamp-glucose uptake in lowest 25%)
female >88 cm
Hypertriglyceridemia: TG ≥1.7 mmol/L Plus two of the following criteria:
Low HDL-C: male <1.0 mmol/L Obesity: BMI >30 or waist-to-hip ratio male >0.9
female <1.3 mmol/L female >0.85
Hypertension ≥135/85 mm Hg or medication Lipid abnormalities: TG ≥1.7 mmol/L or HDL-C male <0.9 mmol/L
Fasting plasma glucose ≥6.1 mmol/L female <1.0 mmol/L
Microalbuminuria >20 µg/min
Hypertension >140/90
Abbreviations: BMI, body mass index; HDL-C, high-density lipoprotein-cholesterol; TG, triglycerides.Vascular Health and Risk Management 2006:2(3) 287
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cellular damage and initiate a response allowing our body
to defend against ‘offending’ insults.
Endogenous danger signals are from intracellular or
secreted extracellular products. Some are constitutive
whereas others are inducible and require either neosynthesis
or modifications before they can activate the innate immune
system. Atherosclerosis is characterized by a chronic
inflammatory state in which interplay between metabolic
factors and cytokines leads to stimulation of the innate
immune system when these signals are detected as danger.
Therefore, signals from different sources including:
modified lipid products, endogenous inducible factors, and
cytokines are implicated in a complex inflammatory
response that relies on tissue damage as the primary
stimulating event leading to immune activation.
Oxidized LDL-C as a danger signal
Macrophage and scavenger receptor
The hallmark of atherosclerosis is the fatty streak lesion,
which consists of macrophages filled with lipid droplets
forming the so called foam-cells. While initial interest with
ox-LDL stemmed from its ability to induce foam cells
formation, it is now viewed as a potent activator of the
inflammatory pathway and as a key factor promoting
atherosclerosis by different mechanisms (Holvoet 2004).
The discovery that LDL undergoes modification within
tissue, forming oxidized products from minimally modified
ox-LDL (mm-LDL) to fully oxidized LDL (ox-LDL), lead
many investigations to discover the receptors and pathways
by which the immune cells are activated (Yla-Herttuala et
al 1989; Shaw 2004). Ox-LDL recruits monocytes and T
cells to the intima and promotes the transformation of
monocytes into macrophages (Weber et al 1995). Recent
investigations have shown that ox-LDL attracts monocytes
to the artery wall through the induction of the monocyte
chemotactic protein 1 (MCP-1) by the endothelial cells
(Navab et al 1996). Furthermore, ox-LDL increase the
expression of CC-chemokine receptor 2 (CCR2), the
receptor for MCP-1, in monocytes, explaining the fact that
monocytes of hypercholesterolemic patients exhibit an
increase chemotactic activity to MCP-1 (Han et al 1998).
The discovery of the scavenger receptors on monocytes/
macrophages, which recognize ox-LDL, has shed light on
how the foam cells are formed (de Villiers and Smart
1999).
While different scavenger receptors for ox-LDL have
been described such as scavenger receptor class A (SR-A),
CD36, macrosialin (CLA-1, CD68), and others, their
redundant roles in other cellular functions such as adhesion
and elimination of apoptotic cells suggest that clearance of
lipids play an important biological role in the elimination
of modified lipids and lipoproteins (Greaves et al 1998).
When the apolipoprotein E (ApoE
-/-) mice (a genetic model
of hypercholesterolemia and spontaneous formation of
extensive atherosclerosis) is crossed with SR-A
-/- animals,
there is a reduction of atherosclerotic lesions, suggesting
that scavenger receptors play a permissive role in the
development of atherosclerosis (Suzuki et al 1997).
Furthermore, deletion of CD36 in hypercholesterolemic
mice has led to an impressive reduction of atherosclerosis
(Febbraio et al 2000). Recently, it has been demonstrated
that CD36 expression in macrophages is upregulated by ox-
LDL products such as 4-hydroxy-2-nonenal (HNE), using
the peroxisome proliferator-activated receptor-γ (PPAR-γ)
and nuclear respiratory factor-2 (Nrf2) pathways (Nagy et
al 1998; Chawla, Barak, et al 2001; Ishii et al 2004).
Therefore, these studies have highlighted the fact that ox-
LDL mediates the formation of foam cells through the
binding to an array of scavenger receptors, which are
regulated through different pathways. Whereas the
expression of these scavenger receptors are well documented
in macrophages and smooth muscle cells they are
undetectable or expressed at very low level in the
endothelium. In 1997, Sawamura et al (1997) described the
presence of a lectin-like ox-LDL receptor-1 (LOX-1) in
endothelial cells. LOX-1 binds to ox-LDL where it induces
endothelial dysfunction and it is thought that this receptor
plays a critical role in the development of atherosclerosis.
LOX-1 expression is rapidly induced in endothelial cells
by ox-LDL,  angiotensin  II  (Ang  II),  tumor  necrosis
factor-α (TNF-α), and shear stress (Mehta et al 2006). In
apoE
-/- mice fed with a high-fat diet, increased expression
of LOX-1 in transgenic animals is associated with
augmented level of adhesion molecules and atheroma
formation (Inoue et al 2005). Therefore, in addition to the
formation of foam cells, it appears that ox-LDL through the
LOX-1 receptor is an important molecule by which the
endothelial cell is activated and become dysfunctional.
Peroxisome proliferators-activated
receptor
Peroxisome proliferator-activated receptors are lipid sensing
ligand-activated transcription factors that are involved in
glucose homeostasis, lipid metabolism, and inflammatoryVascular Health and Risk Management 2006:2(3) 288
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activity (Evans et al 2004). They are potent regulators that
have an important implication in atherosclerosis
development. PPAR-γ, which has been extensively studied,
has an important role in glucose homeostasis and adipocyte
function. Potent synthetic PPAR-γ agonists have been
developed, including the thiazolidinediones (TZDs), which
are in clinical use as insulin sensitizers (Willson et al 1996).
Natural PPAR-γ agonists, although not completely
elucidated, include several metabolites of the poly-
unsaturated fatty acids such as 13-hydroxyoctadecadienoic
acid (HODE) and 15-deoxy-∆12,14-prostaglandin J2 (15d-
PGJ2). Furthermore, ox-LDL-derived lipids such as 9-
HODE and 13-HODE have been described as potent
agonists of PPAR-γ, and to mediate by this pathway the
uptake of ox-LDL and the formation of foam cells (Navab
et al 1996). Indeed, PPAR-γ is an important regulator of the
scavenger receptor, CD36, which is upregulated through
this pathway (Tontonoz et al 1998l; Matsumoto et al 2000).
PPAR-γ expression has been documented in atherosclerotic
lesions and in human monocytes/macrophages, suggesting
that it mediates important function in the formation of foam
cells (Ricote et al 1998). On the other hand, PPAR-γ is a
potent antiinflammatory regulator, it has been found to
negatively regulate inducible nitric oxide synthase,
gelatinase B, interleukin-1β (IL-1β), IL-6, and TNF-α,
revealing a potential pathway by which inflammation could
be controlled (Jiang et al 1998). Furthermore, PPAR-γ
agonists inhibit CCR2 expression by monocytes, which
would decrease the recruitment of monocytes/macrophages
to the artery wall (Han et al 2000). Although indirectly,
PPAR-γ pleiotropic effects also include the regulation of
cholesterol efflux in macrophages by controlling the
expression of LXRα, a liver X nuclear receptor that control
gene expression in response to oxysterols (Chinetti et al
2001). LXRα target genes include the adenosine
triphopshate-binding cassette protein-1 (ABCA-1) which
is involved in the control of apolipoprotein A1 (apo A1)-
mediated cholesterol efflux, which returns to the liver as
HDL-C (Chawla, Boisvert, et al 2001). Therefore,
cholesterol efflux and antiinflammatory effects of the
PPAR-γ pathway might counterbalance the upregulation of
CD36, which would be detrimental if unopposed (Figure
PPARȖ LXRĮ
CD36 ABCA-1
iNOS
IL-1ȕ
IL-6
TNF-Į
Gelatinase B
CCR2
Apo A1 mediated-reverse
cholesterol transport
TZDs
ox-LDL
Figure 1 Peroxisome proliferators-activated receptor (PPAR-γ) is a member of nuclear receptor superfamily that regulates in macrophages numerous functions that
have important impact on the development of atherosclerosis. It up-regulates the expression of the CD-36 scavenger receptor and has therefore a potential to
increase atherosclerosis (in red). On the other hand, PPAR-γ reduces the expression of pro-inflammatory mediators and increases LXR expression, a nuclear
receptor that control the level of adenosine triphosphate (ATP)-binding cassette protein-1 (ABCA-1), which mediates the apo-A1 mediated reverse cholesterol
transport (green). Thus, the balance of PPAR-γ activity indicates that an antiatherosclerotic effect (green) might be superior to the pro-atherosclerotic effect (red),
explaining the beneficial effect of the thiazolidinediones (TZDs).
Abbreviations: apo-A1, apolipoprotein A1; CCR2, CC-chemokine receptor 2; IL-1β, interleukin 1β; IL-6, interleukin 6; LXRα, liver X nuclear receptor; ox-LDL,
oxidized low-density lipoprotein; TNF-α, tumor necrosis factor-α.Vascular Health and Risk Management 2006:2(3) 289
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1). The overall antiatherosclerotic effect of the PPAR-γ
agonists is substantiated by animal studies that showed a
reduction of lesions in mice treated with TZDs, and one
animal study in which reconstitution of the bone marrow
with PPAR-γ
-/- cells increased significantly atherosclerosis
in LDL-R
-/- mice (Babaev et al 2005). However, in one study
pharmacologic PPAR-γ agonist in LDL-R
-/- mice failed to
reduce lesions in females, whereas atherosclerotic lesions
were significantly decreased in males, suggesting that
hormonal status might influence the development of
atherosclerosis in a manner that is not significantly
influenced by the PPAR-γ pathway (Li et al 2000). In
addition, a recent human randomized study, has
demonstrated that pioglitazone reduced the composite end-
point of all-cause mortality, non-fatal myocardial infarction
and stroke in type 2 diabetic patients, but it did not
significantly impact a primary composite end-point which
included in addition to the aforementioned points
revascularisation procedures of coronary or leg arteries and
leg amputation (Dormandy et al 2005). Therefore, animal
and clinical studies suggest at this point that TZDs affect
favourably the evolution of atherosclerotic diseases in
function of hormonal status or the forms of atherosclerosis.
However, it remains to be confirmed with other ongoing
clinical studies.
Besides PPAR-γ, PPAR-α, and PPAR-δ are nuclear
receptors subtype that have recently received more attention
and studies indicate that these transcriptional regulators are
important metabolic regulators that might play important
roles in the pathogenesis of atherosclerosis. PPAR-α is
highly expressed in the liver, and to a lesser extent, in heart
and the skeletal muscle. PPAR-α activation induces fatty
acid oxidation and improves the lipid profile. PPAR-α
activation results in a decrease of triglyceride through
different mechanisms including increased lipoprotein
lipolysis and inhibition of triglyceride synthesis (Puddu et
al 2003). Moreover, PPAR-α activation has been shown to
increase cholesterol efflux through the ABCA-1 pathway
and an increased synthesis of apo A1 (Chinetti et al 2001).
In smooth muscle cells, PPAR-α activation reduced
inflammatory activity by interfering with the nuclear
factor kappa B (NF-κB) (Staels et al 1998). The
hypolipidemic fibrate class of drugs is a strong PPAR-α
agonist that reduces the triglyceride level and increases
the HDL-C level. Post-hoc analysis of clinical trials have
suggested that fibrate therapy was more effective in
patients with type 2 diabetes or the metabolic syndrome,
giving the impetus for further randomized studies (Verges
2005). In respect to this hypothesis, the Fenofibrate
Intervention and Event Lowering in Diabetes (FIELD) study
was conducted in diabetic patients (Keech et al 2005). In
this study, fenofibrate did not reduce the primary outcome
of coronary events but it did reduce the nonfatal myocardial
infarction and revascularizations. There was a nonsignificant
excess rate of death in the fibrate-treated patients. Thus, in
view of the mixed results of the FIELD study the ongoing
Action to Control Cardiovascular Risk in Diabetes
(ACCORD) trial will attempt to provide more information
of the combination therapy of statins and fibrate therapy
(ACCORD 2006).
PPAR-δ, which is ubiquitously distributed, has recently
received more attention with the development of specific
agonists. It is involved in the control of lipid metabolism
and energy homeostasis (Grimaldi 2005). Transgenic mice
overexpressing PPAR-δ are protected against diet-induced
obesity through an increased catabolism of fatty acid (Wang
et al 2003). Furthermore, administration of PPAR-δ agonist
to mice fed with a high-fat diet decreased insulin resistance
through enhanced fatty acid oxidation and decreased skeletal
muscle lipid content (Tanaka et al 2003). In macrophages
from mice, both PPAR-δ
-/- cells and transgenic cells
overexpressing PPAR-δ have a proinflammatory profile (Lee
et al 2003). On the other hand, treatment of cells from wild
type mice with the PPAR-δ agonist, GW501516, inhibited
the expression of MCP-1 and IL-1β (Wang et al 2003). It
was then proposed that PPAR-δ regulates the expression of
inflammatory cytokines through a switch, releasing a
transcriptional repressor. When PPAR-δ is not activated by
a ligand, it sequesters the transcriptional repressor, whereas
when activated by a ligand it allows the liberation of the
repressor leading to antiinflammatory response. Treatment
of obese rhesus monkeys with the PPAR-δ agonist,
GW501516, increased HDL-C considerably while it
decreased fasting insulin level, triglyceride, and the
proportion of small and dense LDL particles (Oliver et al
2001). Therefore, in view of the aforementioned points it
has been hypothesized that PPAR-δ agonists could have a
protective role on atherosclerosis development.  In  mice
lacking  the  LDL  receptor (LDLR
-/-), one study has
concluded that PPAR-δ agonist failed to reduced the
formation of atherosclerosis whereas Graham et al (2005)
demonstrated a dramatic reduction of atherosclerosis
following administration of agonist (Li et al 2004). Thus,
further studies with PPAR-δ agonists are needed in order
to clarify the exact role of this pathway in the
pathophysiology of atherosclerosis.Vascular Health and Risk Management 2006:2(3) 290
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Toll-like receptors
TLR signaling has recently emerged as one of the most
important pathways leading to innate immune system
activation in atherosclerosis (de Kleijn and Pasterkamp
2003). First discovered in Drosophila, mammalian
homologues of the Toll receptors were soon discovered,
leading to extensive research to understand the function of
these receptors. Among the mammalian there are at least
eleven TLRs that have been described, from which TLR1–
9 are conserved between human and mouse (Takeda and
Akira 2005). TLRs have evolved to recognize highly
conserved pathogen motifs as a first line of defense; however
the discovery of endogenous ligands has expanded the scope
of their function. Upon binding of their ligands, TLRs initiate
a cellular response leading to activation of NF-κB, and
regulation of immune responsive genes. Several reports have
documented the expression of TLRs in atherosclerosis:
TLR1, TLR2, TLR4, and to a lesser extent TLR5 have been
documented in human plaques and mouse model of
atherosclerosis (Xu et al 2001; Edfeldt et al 2002). TLR1 is
ubiquitously expressed and is present on monocytes/
macrophages, neutrophils, B-cells, and natural killer cells.
TLR5 and TLR2 seems to be restricted to monocytes/
macrophages, neutrophils and dendritic cells, whereas TLR4
is present on endothelial cells, adventitial fibroblast, and
monocytes/macrophages (Hopkins and Sriskandan 2005).
TLR4 is the well known bacterial lipopolysaccharide (LPS)
receptor, which also binds to endogenous ligands that
include mm-LDL and HSP60. HSPs are highly conserved
proteins that are synthesized upon exposition to various
stressors including ox-LDL; they promote inflammation and
autoimmunity, and are viewed as important mediators of
atherosclerosis (Xu 2002). Both HSP60 and HSP70 are
considered as endogenous ligands of TLR2 and signaling
through this receptor in mice has been shown to induce
atherosclerotic lesion development associated with the
production of IL-6, IL-8, and MCP-1 (Schoneveld et al
2005). Interestingly, the discovery of TLRs brings back the
idea that infectious agents could contribute to
atherosclerosis. At the end of 1980s, Saikku and colleagues
reported a serologic evidence that Chlamydia pneumoniae
and coronary atherosclerosis were linked (Saikku et al 1988).
Thereafter, histopathologic studies have confirmed the
presence of C. pneumoniae in atherosclerotic plaques (Kuo
et al 1993). Furthermore, a number of infectious agents have
now been regarded as potential candidates implicated in the
pathogenesis of atherosclerosis (Yamashiroya et al 1988;
Horvath et al 2000). Recently, an immunologic cross
reaction between human and bacterial HSP60 has been
documented, suggesting that chronic infections might
contribute or exacerbate atherosclerosis (Bulut et al 2002).
Chronic infections were associated with an increased risk
for the development of atherosclerosis and injection of LPS
in animals increased atherosclerotic lesions (Lehr et al
2001). Therefore, the total infectious burden, rather than
specific microorganisms, is now considered as potential
exacerbating or initiating events in atherosclerosis. Thus,
metabolic factors such as ox-LDL are among the most
important mediators of inflammation in atherosclerosis,
whereas infections might have a contributory role that
exacerbates the overall immune activation amplifying the
danger signal to innate cells. In relation to their ubiquitous
distribution within the innate immune system, TLRs
represent an important pathway by which the danger signals
are detected, and this will lead to the immune responses
implicated in atherosclerosis.
Autoantibodies to neoepitopes are present in patients
and in experimental models of atherosclerosis.
Transformation of native LDL to ox-LDL creates
autoantigens that are recognized by the B cells to generate
autoantibodies. Antibodies to ox-LDL are found in
atherosclerotic  lesions  and  bind  to  circulating  LDL.  In
ApoE-/- mouse, B cell clones derived from the spleen secrete
immunoglobin M (IgM) autoantibodies to ox-LDL,
indicating a T cell independent production of antibodies by
B cells, which would rely on the innate signaling pathway
(Palinski et al 1996). Indeed, some primordial B cells, such
as B-1 cells are a part of the innate immune system
expressing TLRs and are known to secrete antibodies against
self antigens (Pasare and Medzhitov 2004; Carroll and
Holers 2005). Immunization against ox-LDL and apoB-100,
an important protein found in LDL particles, has been shown
to decrease atherosclerotic lesions in mouse models
(Fredrikson et al 2003, 2005). Thus, it is speculated that
autoantibodies block the uptake of ox-LDL by macrophages
and enhance plasma clearance of modified lipids. Therefore,
although incompletely understood, autoantibodies generated
by the innate system might have anti-atherogenic properties
to overcome the increase burden of ox-LDL.
Metabolic syndrome and ox-LDL
In light of the numerous pro-inflammatory activities of ox-
LDL, clinical studies have highlighted its role as a pro-
atherogenic particle (Carmena et al 2004). Indeed, ox-LDL
plasma level is increased in patients with CHD, and several
components of the metabolic syndrome independentlyVascular Health and Risk Management 2006:2(3) 291
Metabolic syndrome, atherosclerosis, inflammation
predicted high levels of ox-LDL (Holvoet 2004). It is often
observed that patients with the metabolic syndrome have a
LDL-C within normal range (Despres 2001). In fact, there
is a poor correlation between visceral obesity and plasma
LDL-C, suggesting that other factors might influence LDL
phenotype toward a more atherogenic particle. Elevated
triglycerides (TGs) and increased release of free fatty acids
(FFAs) in patients with the metabolic syndrome lead to
assembly and secretion of very LDL (VLDL). Through
exchange of cholesteryl esters and TGs between VLDL and
LDL, production of TGs-enriched LDL particles occurs.
TGs-enriched LDL particles then undergo lipolysis and
become smaller and denser (Nicholls and Lundman 2004).
Therefore, patients with the metabolic syndrome have a
higher proportion of small and dense LDL particles, which
are highly atherogenic. Small LDL particles penetrate the
arterial wall with more facility than their buoyant
counterpart, and are more susceptible to oxidative
transformation, explaining at least in part their pro-
atherogenic activities (Tribble et al 1992; Bjornheden et al
1996). In the Québec Cardiovascular Study, small LDL size
independently predicted the rate of CHD. Furthermore, when
associated with hyperinsulinemia and elevated apo B
concentration, small LDL size was found to increase CHD
risk remarkably (Lamarche et al 1999). Accordingly,
although LDL-C level is an accepted predictor of CHD, other
factors that influence LDL phenotype such as particle size
and oxidative transformation, have a profound effect on their
atherogenicity.
While metabolic syndrome is associated with LDL
particle modifications, it also affects HDL-C level and
phenotype. HDLs are a group of heterogeneous particles
with anti-atherosclerotic properties. Indeed, the association
between low levels of HDL-C and CHD is well established
trough clinical and epidemiological studies (Gordon and
Rifkind 1989). The protective role of HDL in atherosclerosis
has been attributed to its reverse cholesterol effect, in which
cholesterol from the peripheral tissues is returned to the liver
for excretion in the bile (von Eckardstein et al 2005).
Regulation of cholesterol efflux from macrophages through
HDL-mediated transport relies on a broad spectrum of
pathways including: the scavenger receptor type BI (SR-
BI) and ABCA-1. The predominant HDL protein, apo A1,
interacts with ABCA-1 to mediate cholesterol efflux from
macrophages, while expression of SR-BI on hepatocytes
mediates selective uptake of cholesteryl esters (Assman and
Gotto 2004). While most investigators considered that the
beneficial effect of HDL was mostly related to the reverse
cholesterol transport, several studies have recently
highlighted its antioxidant and antiinflammatory activities.
It has been demonstrated that HDL protects LDL from
oxidative transformation through the paraoxonase-mediated
breakdown of oxidized phospholipids, which have a pro-
inflammatory activity. Indeed, mice fed with cholesterol-
rich diet and deficient for paraoxonase developed more
atherosclerotic lesions, reinforcing the view that HDL-
mediated antioxidative actions play a key role in the genesis
of atherosclerosis (Getz et al 2004). Furthermore, recent
studies have stressed the role of apo A1 as an anti-
inflammatory component of HDL which was independent
of HDL-C level; atherosclerosis susceptible mice deficient
for apo A1 exhibited more atherosclerotic lesions and had
an increase production of MCP-1, suggesting that in addition
to its ABCA-1-mediated reverse cholesterol transport effect,
apo A1 has an important antiinflammatory activity (Moore
et al 2005). Moreover, HDLs decrease TNF-α and IL-1β
release of monocytes when activated by T cells (Hyka et al
2001; Calabresi et al 2003). Atherosclerotic calcification
are commonly observed in patients and, it has been
demonstrated in vitro that TNF-α is one of the mediators
with oxidized lipids that strongly influence the phenotypic
switch of vascular cells toward bone forming cells.
Interestingly, calcification process and transformation of
vascular cells to osteoblast-like cells is prevented by HDL,
reinforcing the view that HDL has a broader scope of action
which goes beyond the reverse cholesterol transport (Figure
2) (Parhami et al 2002).
While the HDL beneficial effects are well documented,
recent evidence supports that HDL might also behave as
pro-inflammatory particles (Navab et al 2005). During an
acute phase response, HDL became pro-inflammatory
enhancing LDL-induced monocyte migration, indicating
that some modifications of HDL occurred and modified its
activity. Modification of HDL phenotype includes a
decreased level of apo A1, whereas proteins such as apo E,
apo A1V, apo A-V are increased (Khovidhunkit et al 2004).
Furthermore, oxidative changes of apo A1 might explain
the reduced ability of modified apo A1 to promote reverse
cholesterol transport and their accumulation within
atherosclerotic lesions (Mackness et al 1997; Zheng et al
2004). Patients with CHD have an increased amount of lipid
hydroperoxides content in HDLs (Ansell et al 2003).
Furthermore, HDLs in the metabolic syndrome have an
altered composition with a core enrichment of TG and a
depletion of cholesteryl ester and are associated with a
decrease in antioxidative properties and an increase systemicVascular Health and Risk Management 2006:2(3) 292
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oxidative stress (Hansel et al 2004). Therefore, phenotype
of HDLs may vary in accordance with the systemic
inflammatory activity and are susceptible to oxidative-
mediated changes toward pro-inflammatory particles, which
might deliver or amplify the danger signal to the immune
system. On the other hand, ‘healthy’ HDL, which is
dependent on its chemical constituent, is a powerful
antiinflammatory particle that has anti-atherosclerotic
properties. Therefore, future therapeutic development aim
to modulate HDL levels should also target the HDL
phenotype to ensure a protective action.
Cytokines, adipokines and acute
phase proteins as danger signals
C-reactive protein
Clinical and epidemiological studies have stressed the role
of C-reactive protein (CRP) as a marker of CHD (Ridker
2003). Obesity and particularly the visceral adipose depot
correlate with CRP level, suggesting that metabolic activity
of abdominal adipocytes with their production of IL-6
influence CRP production by the liver (Yudkin et al 1999;
Lemieux et al 2001). Whereas CRP is clearly associated
with clinical manifestations of atherosclerosis, a question
remains as to whether CRP is a bystander or an active player.
Recent works suggest the second hypothesis, CRP can
induce the release of cytokines, chemokines and tissue factor
from monocytes, and therefore could explain the link
between CRP level and atherothrombotic events (Du Clos
and Mold 2004). Furthermore, enzymatically remodeled
LDL (E-LDL), which is present in atherosclerotic lesion,
has the capacity to trigger complement activation through a
CRP dependent pathway (Bhakdi et al 2004). Whereas at
low E-LDL levels, CRP initiates complement activation but
halts before the terminal sequence, high concentrations of
E-LDL drives complement activation through completion
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in a CRP-independent manner. Indeed, it has been
demonstrated that E-LDL but not CRP colocalizes with C5b-
9 in atherosclerotic lesions (Torzewski et al 1998). It has
been suggested that CRP might have a physiological role
by eliminating self generated E-LDL in attracting innate
immune cells and preventing or limiting inflammatory
reaction. Proteases such as cathepsin H and plasmin, which
are present in atherosclerotic lesions, generate E-LDL and
expose phosphocholines groups, which are then available
for binding to CRP and triggers complement activation.
When the removal machinery for E-LDL is overwhelmed,
deesterified cholesterol, which is present in large amount
in atherosclerotic plaques, and E-LDL by the action of
cholesteryl esterase activate the complement through
terminal sequence. Recently, van Tits et al (2005) have
demonstrated that CRP binds to the phosphatidylcholine
group of ox-LDL and, by a complement-independent
pathway, enhances binding to monocytes/macrophages
through Fc receptor, suggesting that CRP might contributes
to rapid clearance of ox-LDL at moderate concentrations,
whereas at high levels this mechanism might promote foam
cell formation.
While CRP seems to be involved in LDL homeostasis,
recent findings suggest that it modulates vascular function
and, therefore, represents a potential pathway by which
it might influence inflammation and atherogenesis. In
cultured endothelial cells, CRP induces the expression
of vascular cell adhesion molecules (VCAM-1),
intercellular adhesion molecules (ICAM-1), and IL-6,
whereas in smooth muscle cells it upregulates angiotensin
type 1 receptor (AT1-R) (Pasceri et al 2000; Nickenig
and Harrison 2002). The stimulation of receptor AT1-R
by ANG II induces cell proliferation and matrix synthesis,
which is responsible for vascular remodeling.
Furthermore, in endothelial cells, CRP increases the
production of plasminogen activator inhibitor-1 (PAI-1),
a potent inhibitor of fibrinolysis and a pro-thrombotic
protein (Devaraj et al 2003). Besides endothelial cells,
adipocytes also produce PAI-1, and elevated
concentrations are observed in obese subjects and among
individuals with the metabolic syndrome and this might
account for the high rate of thrombotic events in these
populations (Lau et al 2005). Therefore, recent studies
suggest that CRP is not simply a clinical marker but a
protein that has a major role in the physiology and
pathophysiology of LDL-C homeostasis and vascular
endothelial function.
Cytokines
Inflammation is associated with the production of numerous
cytokines that influence the development of atherosclerosis.
Interferon-γ (IFN-γ), which is produced by activated T cells,
plays an important role in the development of
atherosclerosis. Indeed, recent studies have demonstrated
that the development of atherosclerotic lesions is decreased
in apoE-/- mouse lacking IFN-γ, whereas administration of
IFN-γ enhanced vascular lesions (Whitman et al 2000). IFN-
γ activates macrophages to produce TNF-α and IL-1β, which
act synergistically to instigate the production of
metalloproteinases, oxygen radicals, and growth factors
(Hansson et al 1989). Furthermore, IFN-γ has been shown
to negatively influence the reverse cholesterol transport by
inhibiting the ABCA-1 protein (Panousis and Zuckerman
2000). Thus, IFN-γ-mediated activities on the macrophages
tend to increase inflammatory activity and to promote
atherosclerosis. Whereas production of IFN-γ has been
classically restricted to T cells, recent investigations have
indicated that macrophages, dendritic cells, and vascular
smooth muscle cells had the ability to produce this cytokine
(Tenger et al 2005). Furthermore, γδ T cells and natural killer
(NK) T cells, which are part of both the innate and adaptive
immune systems, are activated by modified lipids
(Vanderlaan and Reardon 2005). Indeed, NK T cells, which
are activated when an antigen is presented on Cd1 molecules
by either macrophages or dendritic cells, have been shown
to produce IFN-γ when activated by glycosphingolipids or
gangliosides, which are present in the atherosclerotic plaque
(Garner et al 2002). Thus, it has been suggested that NK T
cells may be activated by modified lipid neoantigen either
present or induced by ox-LDL. Therefore, IFN-γ along with
TNF-α and IL-1β are part of a dual system in which those
cytokines can act as an immunostimulant signal when
produced by activated T cells or as a primal alarm signal
when produced by innate immune cells and cells from the
vascular wall.
Emerging data have highlighted the fact that besides their
interactions with the vascular cells and the immune cells,
cytokines are also implicated through complex interactions
with the metabolism. TNF-α is a true pleiotropic factor that
is produced by the activated macrophages, NK cells,
vascular smooth muscle cells, fibroblasts and adipocytes
(Goetz et al 2004). Recent studies in rodents have linked
TNF-α systemic levels with obesity and insulin resistance.
In humans TNF-α plasma concentrations are very low and
were only found to correlate weakly with obesity and insulinVascular Health and Risk Management 2006:2(3) 294
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resistance (Staiger and Haring 2005). Furthermore,
administration of neutralizing antibodies against TNF-α in
humans did not improve insulin resistance, suggesting that
adipocyte-derived circulating TNF-α does not account for
a significant role in glucose metabolism in vivo (Ofei et al
1996). Nevertheless, it is possible that local production of
TNF-α by a paracrine or an autocrine effect has a significant
impact on adipocyte metabolism and on the induction of
insulin resistance at the tissue level (Xu et al 2002). Along
with TNF-α, IL-6 is another cytokine with pleiotropic
properties that has a profound metabolic effect. Circulating
IL-6 levels are increased in patients with atherosclerosis,
obesity, type 2 diabetes, and metabolic syndrome (Yudkin
et al 2000). This cytokine is produced and released by
numerous cells including among others: monocytes/
macrophages, T cells, endothelial cells, and adipocytes (Van
Snick 1990). Interestingly, it has been recently demonstrated
that omental fat cells produce 3 times more IL-6 than their
subcutaneous counterparts (Fried et al 1998). IL-6
production by omental adipocytes drains into the portal vein
up to the liver, where this cytokine has been demonstrated
to induce the production of acute phase proteins and to affect
glucose metabolism. Indeed, it was recently demonstrated
that IL-6 impaired insulin signaling in hepatocytes (Senn et
al 2002). Moreover, in adipocytes, IL-6 was reported to
enhance lipolysis, which would in turn increase the FFAs’
delivery to the liver with the consequence of an increased
hepatic TG synthesis (Lyngso et al 2002). In summary,
cytokines are involved in many steps of immune activation
and, in addition to their role as a danger signal to immune
cells, they are also committed as powerful regulators of the
glucose and lipid metabolism.
Adipokines
In the past while viewed as a passive lipid storage depot,
adipose tissue is now considered as an endocrine and a
paracrine organ that produces a large number of mediators
that affect metabolism, inflammation and coagulation
(Figure 3). Leptin, which was discovered in 1994, is an
adipocyte specific hormone that play a central role in the
regulation of the body weight in exerting an anorexigenic
function (Zhang et al 1994). Leptin is predominantly
produced by subcutaneous adipocytes and, increased
circulating levels have been documented in obese subjects
(Hube et al 1996). While leptin decreases food intake
through a central action, it also increases peripheral tissue
fatty acid oxidation. It is thus believed that leptin-mediated
actions are physiologically oriented in a response to decrease
lipotoxicity in lean non-adipose tissue (Unger 2005). It has
been suggested that some of the manifestations of the
metabolic syndrome such as ectopic lipid deposition in
skeletal muscle, liver, and heart are related to an impaired
antilipotoxic protection of leptin. In such a model, the
hyperleptinemia observed in obese would be low relative
to the caloric excess and may contribute to lipotoxicity.
Furthermore, impaired leptin sensitivity related to a leptin
resistance factor, suppressor of cytokine signaling 3 (SOCS-
3), has been described in aged rodents and might explain
the age-related lipid metabolism abnormalities (Wang et al
2001).
In addition to its metabolic activities, leptin has been
shown to play an important role in the development of
atherosclerosis. Indeed, leptin deficient mice (ob/ob) who
exhibit an early onset morbid obesity, are markedly resistant
against diet-induced atherosclerosis, whereas exogenous
administration of leptin promotes arterial neointimal
proliferation (Schafer et al 2004). It is now well established
that leptin deficiency is associated in mice and humans with
an immunodeficiency state characterized by a low T cell
count, thymus atrophy, and an impairment of delayed-type
hypersensitivity (DTH) (Chandra 1980). Recently, new
insights into the immunologic actions of leptin have emerged
from studies demonstrating that leptin receptors were present
in immune cells such as monocytes/macrophages, T cells,
and NK cells (Peelman et al 2004). It has been demonstrated
that leptin induced the expression of IFN-γ, IL-6, and TNF-
α in monocytes/macrophages, whereas it induced in T cells
a switch toward Th-1 cytokines (IL-2, IFN- γ, TNF-α, IL-
18), indicating that leptin is clearly an important immune
regulator (Lord et al 1998; Zarkesh-Esfahani et al 2001).
Resistin is a recently identified adipocyte-derived protein
which is involved in glucose metabolism and inflammation.
In mice, resistin expression is increased in diet–induced
obesity as well in genetic models of obesity (Steppan et al
2001). The association between obesity, resistin and insulin
resistance is not a consistent finding in the literature (Way
et al 2001). However, a recent investigation in mice has
shown that animals treated with an adenovirus expressing
resistin had an hyperinsulinemia associated with lipid
abnormalities including high total cholesterol,
hypertriglyceridemia, and low HDL-C (Sato et al 2005).
Resistin blood levels are elevated in patients with
atherosclerosis and are associated with coronary artery
calcification, which is a strong predictor of cardiovascular
events (Reilly et al 2005). Whereas resistin is exclusively
produced by adipocytes in mice, it is secreted predominantlyVascular Health and Risk Management 2006:2(3) 295
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by macrophages in humans, suggesting that it might be
involved in the regulation of immune cells function. It was
recently demonstrated that resistin induced an inflammatory
activation with the production of TNF-α and IL-12 by
macrophages through a NF-κB pathway (Silswal et al 2005).
Furthermore, when stimulated by resistin, endothelial cells
expressed VCAM, indicating that resistin is involved in
leukocytes recruitment and cell activation (Verma et al
2003). Interestingly, resistin expression is repressed by
PPAR-γ activation through a direct binding of the
transcription factor to the resistin promoter (Patel et al 2003).
Adiponectin is a recently discovered peptide with a broad
range of actions including regulation of plasma glucose and
lipid levels, endothelial dysfunction and inflammatory
pathways, all of which are strongly implicated in
atherosclerosis development (Chandran et al 2003).
Adiponectin blood levels are inversely correlated with
visceral obesity, insulin resistance, and hyperlipidemia (Cote
et al 2005). It has been demonstrated that adiponectin
production  by  adipocytes  is  negatively  influenced  by
TNF-α and glucocorticoid whereas it is upregulated by
insulin (Kobayashi 2005). Furthermore, in a recent study,
low plasma adiponectin levels were associated with an
increased risk of myocardial infarction in men, suggesting
that, as opposed to other adipokines, adiponectin has a
protective effect against the development of atherosclerosis
and its manifestations (Pischon et al 2004). In vitro studies
have corroborated the anti-atherosclerotic effect of
adiponectin, showing that it prevented the formation of foam
cells by inhibiting the expression of class A scavenger
receptor in human macrophages (Ouchi et al 2001). In
addition, animal studies have highlighted the role of
adiponectin as a vascular protector. Adiponectin-deficient
mice are resistant to insulin action and develop important
neointimal proliferation in response to vascular injury
(Kubota et al 2002). Whereas adiponectin has major effect
on the metabolism, it also influences the inflammatory
response. Indeed, recent reports have stressed the role of
adiponectin in modulating immune cytokines production
toward a Th2 profile type of response, which has a protective
effect against the development of atherosclerosis (Wolf et
al 2004). In isolated macrophages, adiponectin decreased
IFN-γ production whereas it increased IL-10 and tissue
inhibitor of metalloproteinase-1 (TIMP-1) (Kumada et al
2004). Moreover, in endothelial cells, adiponectin decreases
VCAM-1 expression and NF-κB, a major transcription
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LDL Small dense LDL (prone to oxidation and formation of ox-LDL)
Danger signal
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Figure 3 Visceral obesity is a key component of the metabolic syndrome. Free fatty acids (FFA) and interleukin 6 (IL-6) produced by abdominal fat cells are drained
up to the liver via the portal vein and contribute to the production of very low-density lipoprotein (VLDL) and C-reactive protein (CRP). VLDL through exchange of
cholesteryl esters and triglycerides (TGs) contribute to the generation of highly atherogenic small and dense low-density lipoprotein (LDL) particles that are easily
transformed to oxidized products that deliver a danger signal. In addition, abdominal fat cells produce resistin and leptins that deliver a danger signal, whereas lower
levels of adiponectin contribute to amplify the pro-atherogenic signal through the loss of its protective effects.
Abbreviations: ox, oxidized; Th-1, T helper 1.Vascular Health and Risk Management 2006:2(3) 296
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factor regulating the expression of cytokines (Ouchi et al
2000). Therefore, adiponectin is a fat produced multifaceted
protein with important regulatory functions reducing
inflammation and protecting blood vessels against injury
and the development of atherosclerosis.
In recent years our growing understanding of adipocyte
biology has revealed that fat cells are actively involved in
the regulation of the inflammatory pathway. Whereas the
production of adipokines in response to metabolic stimuli
has a physiologic role to prevent tissue injury, it seems that
western hypercaloric diet has the ability to overwhelm this
system and eventually lead to immune activation with the
development of pathologies such as atherosclerosis. Keeping
in mind the danger model of immune response, adipocyte
can now be considered as an active player which may deliver
an alarm signal to the immune cells. Whereas an alarm signal
can be delivered by adipokines such as resistin and leptin,
other proteins such as adiponectin seems to have a protective
effect, and its absence may trigger an activating signal.
Therapeutic implications
From the above discussion it appears that metabolic
syndrome-associated perturbations of the lipid metabolism
affect many pathways by which inflammation is activated
with its attendant negative impact on atherosclerotic disease.
Thus, detection of patients with metabolic syndrome is
crucial in order to initiate appropriate therapeutic
interventions. The use of simple criteria proposed in the
World Health Organisation (WHO) and National Cholesterol
Education Program–Adult Treatment Panel III (NCEP–ATP
III) guidelines have indicated that prevalence of metabolic
perturbations is extremely high in westernized societies
(Table 1). According to NCEP–ATP III criteria (abdominal
obesity, low HDL, hypertriglyceridemia, hypertension and
dysglycemia), up to 22% of the US population older than
20 years is affected by this syndrome (Roberts and Barnard
2005). Although a genetic predisposition might be involved
in the etiology of the metabolic syndrome, acquired risk
factors are readily modifiable by appropriate therapy and
are, of course, the mainstay of clinical management (Table
2). Weight loss, even modest, has been shown to reduce
insulin resistance and also to decrease circulating levels of
CRP and IL-6 (Knowler et al 2002). Thus, dietary
interventions reducing body weight by negative energy
balance are effective means by which metabolic benefits
are encountered. Although many diets have been proposed
in order to treat obesity, it is suggested that obese patients
consume a diet with an energy deficit of 500–1000 kcal/d
(Klein et al 2004). The macronutrient composition of a diet
has been studied in several randomized studies. Whereas,
weight loss at 6 months is increased in low-carbohydrate
diet, there is no difference at one year with low-fat diet
(Foster et al 2003; Stern et al 2004). The low-carbohydrate
diet is more effective at reducing triglyceride and increasing
HDL-C, whereas low-fat diet is more beneficial at reducing
LDL-C. However, whether one strategy is superior to
another in reducing cardiovascular disease (CVD) risk is
currently unknown (Bonow and Eckel 2003). In addition to
diet interventions, exercise program combined with diet
results in a greater weight loss and a sustained effect
preventing weight regain (Jakicic et al 2001; Saris et al
2003). Moreover, in individuals who exercised for 2.5 h/
wk, the levels of antiinflammatory cytokines such as IL-4
and IL-10 are increased significantly (Das 2004). In one
study involving individuals with metabolic syndrome
enrolled in a supervised exercise program for 20 weeks, it
was found that 30% were no longer classified as having the
syndrome after the completion of the exercise training
program (Katzmarzyk et al 2003). In addition, endothelial
function is improved by exercise training, independently of
weight reduction, or changes in blood pressure (Lavrencic
et al 2000). Although incompletely elucidated at the
molecular level, it is speculated that modification of the
insulin resistance associated with the reduction of the
abdominal adipose depot tissue plays a major role in the
improved lipid profile with its attendant benefit in reducing
inflammation.
The evolving role of inflammatory mediators in
atherosclerosis, and particularly in patients with the
metabolic syndrome, prompted the development of new
class of drugs and also the rediscovery of new mechanisms
by which older drugs such as statins interfere with
atherosclerosis progression. Extensive clinical trial data have
confirmed the beneficial effects of statin therapy in reducing
cardiovascular events (Rosenson 2005). In patients with the
metabolic syndrome, rosuvastatin treatment over 12 weeks
decreased LDL-C by 48% whereas HDL-C was increased
by 10%, indicating that statins and particularly rosuvastatin
is an effective lipid-modifying agent in this high risk
population (Stalenhoef et al 2005). Although, statins are
notably known to reduce LDL-C levels, recent studies have
emphasized their pleiotropic role including an
antiinflammatory activity. Among the antiinflammatory
activities, statins were shown to reduce the production of
IFN-γ by activated T cells (Kwak et al 2000). Two recent
clinical studies have demonstrated that statins reduced theVascular Health and Risk Management 2006:2(3) 297
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cardiovascular events independently of the reduction in
serum cholesterol levels (Nissen et al 2005; Ridker et al
2005). Indeed, in these studies, the observed reduction of
CRP was only weakly correlated with the changes in serum
lipids. The question of whether or not statins reduce
cardiovascular events via an LDL-lowering-independent
mechanism remains controversial, however, and has been
recently questioned (Robinson et al 2005). Despite statin
use, CVD remains a major public health problem in
westernized societies. Thus, new therapeutic interventions
are now developed to counterbalance the negative effect of
inflammation in atherosclerosis. The PPAR-γ agonists,
TZDs, have been developed as antidiabetic insulin-
sensitizing agents, but it is now clear that this class of agents
also has antiinflammatory activities. For example, TZDs
downregulate the expression of TNF-α and upregulate
adiponectin expression in obese and diabetics subjects
(Yu et al 2002). Therefore, the TZDs are actually under
investigation and it will be of great interest to see whether
or not this new class of antidiabetic agent will reduce
atherosclerotic-related events. Results of the PROspective
pioglitAzone Clinical Trial In macroVascular Events
(PROACTIVE) trial suggest that TZDs may indeed confer
CVD protection in diabetic patients (Dormandy et al
2005). Other trials are currently underway to clarify this
issue.
Whereas currently used lipid-modifying agents have
been of great help in managing one of the major risk factor
namely LDL-C, it is considered that the major pathways by
which metabolic syndrome influences atherosclerosis are
not directly targeted by these pharmacological interventions.
Over the recent years, the development of a new class of
drug, the cannabinoid-1 (CB1) receptor antagonist,
rimonabant, has generated evidence which suggest that this
new pharmacological approach may be relevant for the
management of key causal factors observed in the metabolic
syndrome. The CB1 receptors are located in different areas
of the brain and in a variety of peripheral tissues including
the adipose tissue, the immune system and the heart (Howlett
2002). CB1 receptors are also located in the liver and play
a major role in regulating hepatic lipid metabolism (Osei-
Hyiaman et al 2005). The endocannabinoid system is
overactivated in animal models of obesity and rimonabant
has been shown to induce weight loss and to correct
metabolic perturbations in experimental studies (Cota et al
2003). Recently, two clinical investigations have highlighted
the beneficial effects of rimonabant in obese patients
(Despres et al 2005; Van Gaal et al 2005). In the Rimonabant
in Obesity Europe (RIO-Europe) study, a one year follow-
up demonstrated that rimonabant induced a significant
weight reduction compared with placebo, with 50.9% of
the patients achieving a weight reduction greater or equal
Table 2 Therapeutic interventions for patients with the metabolic syndrome that have a regulatory role on the inflammation
Therapeutics Interventions
Lifestyle modifications
Dietary interventions A low fat diet is considered the standard approach to obesity. An energy deficit of
500–1000 kcal/d is usually suggested and a target reduction is 10% weight for the first year.
Physical activity Exercise and particularly when combined with diet intervention help to maintain
a healthy weight. These lifestyle modifications increase insulin sensitivity and and ameliorate lipid profile
while decreasing the inflammatory state as measured with the CRP level.
Pharmacological interventions
Lipid-lowering drugs Statins are the mainstay of drug-lowering therapy. Their pleiotropic activity might have additional
therapeutic benefits in reducing inflammatory activity.
PPAR-α agonists Fibrate class of drugs are effective at reducing triglyceride level and increasing HDL-C level. Furthermore,
fibrates have shown some antiinflammatory activity. Their clinical benefit might be in patients with
metabolic syndrome/diabetes, however, their efficacy at reducing mortality remains to be established.
PPAR-γ agonists TZDs are insulin sensitizers drugs that have a powerful antiinflammatory activity. Their ability to prevent
cardiovascular events or mortality is not clearly established for the moment.
CB1 antagonists Rimonabant, a CB1 antagonist, has been shown induce a weight reduction with a concomitant HDL-C and
adiponectin rise. This is a new and promising avenue for the treatment of the metabolic syndrome. It
remains to be seen if such approach will have a beneficial effect on the prevention of cardiovascular events.
Abbreviations: CB1, cannabinoid-1 receptor; CRP, C-reactive protein; HDL-C, high density lipoprotein-cholesterol; PPAR, peroxisome proliferator-activated
receptor; TZDs, thiazolidinediones.Vascular Health and Risk Management 2006:2(3) 298
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to 5% in the rimonabant group treated with 20mg per day.
Plasma LDL-C levels were not affected by rimonabant but,
of most interest, HDL-C levels were increased by 22.3%
whereas TG levels fell by 6.8% in the treated group.
Furthermore, the proportion of patients that fulfilled the
NCEP–ATP III criteria for the metabolic syndrome was
reduced by 64.8% in individuals who completed the
treatment. Després and colleagues (2005) have recently
demonstrated that rimonabant induced a significant rise of
adiponectin blood levels that could not be explained only
by the sole weight reduction. In addition, a positive
correlation was found between the changes in adiponectin
levels produced by rimonabant and changes in HDL-C
concentrations, thus, suggesting that the loss of abdominal
adiposity and a specific effect of rimonabant on adiponectin
levels are among the important factors explaining the
metabolic effects of CB-1 receptor blocker. Therefore,
rimonabant appears to be a promising drug in the treatment
of patients with abdominal obesity and related conditions,
and it remains to be determined whether or not this
pharmacological strategy will be the long-sought silver
bullet to fight the plague of atherosclerotic disease.
Conclusion
The burden of atherosclerotic disease is a major public health
problem in developed countries that is closely associated
with the modern lifestyle, namely the hypercaloric diet and
physical inactivity. Obesity, particularly visceral adiposity,
is associated with the clustering of metabolic perturbations,
which is termed the metabolic syndrome, and is associated
with a substantially increased CHD risk. Perturbations of
the metabolic syndrome including the LDL-C phenotype,
low HDL-C, insulin resistance, and adipokines production
are all potential pathways by which the immune system is
activated. The discovery in the recent years, of the presence
and function of Toll-like receptors, has reinforced the view
that many danger signals can be detected and are involved
in the genesis of atherosclerotic disease. The interactions
between the adipose tissue, the vascular wall, and the
immune system are complex, and these are the key players
from which we have to understand the mechanisms
implicated in the development of atherosclerosis. In light
of recent developments, interventions to decrease
inflammation associated with metabolic perturbations are
actually developed and hopefully might in a near future be
of a great benefit to decrease the ‘danger’ associated with
our modern lifestyle.
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